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Edited by Ned ManteiAbstract Mouse genomes show a large cluster of imprinted
genes at the Dlk1–Gtl2 domain in the distal region of chromo-
some 12. An intergenic-diﬀerentially methylated region (IG-
DMR) located between Dlk1 and Gtl2 is speciﬁcally methylated
in the male germline; IG-DMR regulates the parental allele-spe-
ciﬁc expression of imprinted genes. Here, we show the resetting
of IG-DMR methylation marks during male germ-cell diﬀerenti-
ation. For parental allele-speciﬁc methylation analysis, polymor-
phisms were detected in a 2.6-kb IG-DMR in three mouse
strains. Bisulﬁte methylation analysis showed erasure of the
marks by E14 and re-establishment before birth. The IG-DMR
methylation status was maintained in spermatogonia and sper-
matocytes of mature testes. The IG-DMR methylation status
established before birth is thus maintained throughout the life-
time in the male germline.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Germ cells; Mouse1. Introduction
In mammals, imprinted genes show a unique expression pat-
tern depending upon the parental origin of the derived allele
[1]. This unique pattern of gene expression is regulated by a
CpG-rich domain neighbouring the imprinted gene or gene
clusters that are diﬀerentially modiﬁed by germline-speciﬁc
de novo methylation mechanisms during male and female
gametogenesis.
In mice, a large imprinted gene cluster domain spanning
1 Mb is present at the distal region of chromosome 12, where
paternally expressed Peg9/Dlk1, Peg11/Rtl1, and Dio3 and
maternally expressed Meg3/Gtl2, antiPeg11/antiRtl1, Meg8/Abbreviations: IG-DMR, intergeneic-diﬀerentially methylated region;
PGCs, primordial germ cells; BSA, bovine serum albumin; GFP, green
ﬂuorescent protein; DMEM, Dulbecco’s modiﬁed Eagle’s medium;
SNPs, single nucleotide polymorphisms
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doi:10.1016/j.febslet.2007.02.034Rian, andMeg9/Mirg are located [2–7]. It is known that pater-
nal and maternal disomy at the distal region of chromosome 12
is lethal to mouse embryos [8,9]. Furthermore, in a knockout
mouse study Dlk1 null mutants showed fetal growth retarda-
tion with osteodystrophy; this condition was found to be lethal
in half of the pups within 2 days after birth [10]. In humans, it
has been reported that genetic and epigenetic abnormalities in
the homologous domain on chromosome 14 are involved in fa-
cial abnormalities, small bell-shaped thorax, abdominal wall
defects, polyhydramnios, and placentomegaly [11].
Limited information is available regarding the regulatory
mechanism of the imprinted genes located in the Dlk1–Gtl2 do-
main; however, the 3.3-kb intergenic-diﬀerentially methylated
region (IG-DMR) located 70 kb downstream of Dlk1 to
15 kb upstream of Gtl2 is believed to be the main regulatory
element for the expression of the gene cluster in the domain
[12–16]. To date, DNA methylation analysis has revealed that
the IG-DMR is methylated in the male germline before birth
[17]. However, whether the methylation status is maintained
during spermatogenesis in adults is yet to be demonstrated.
It is generally noted that parental-speciﬁc methylation marks
of DMRs are speciﬁcally erased in the fetal primordial germ
cells (PGCs). However, there is limited information regarding
the erasure of the IG-DMR methylation marks in PGCs; it has
been reported that these marks are preserved at a rate of
approximately 40% at E12.5 [17,18].
Here, we show the resetting of IG-DMR methylation marks
in male germline cells in mice. To this end, we conducted a ser-
ies of experiments. First, we determined the sequences of the
entire IG-DMR in three mouse strains to identify polymor-
phisms for allele-speciﬁc methylation analysis. Next, we inves-
tigated the IG-DMR methylation status in prospermatogonia
of E14.5, E16.5, and E19.5 fetuses and in spermatogonia and
spermatocytes of adult testes.2. Materials and methods
2.1. Polymorphism analysis
Genomic DNA was isolated from the tail of C57BL/6N, DBA/2, and
JF1 mice by digestion with proteinase K (Invitrogen Corp., Carlsbad,
CA, USA) followed by phenol/chloroform extraction. The DNA was
ampliﬁed by PCR using TaKaRa Ex Taq polymerase (TaKaRa, Kyo-
to, Japan). The primers for the three regions are listed in Table 1. The
PCR annealing temperature for s1–s3 was 65 C and the PCR products
were subcloned and sequenced (see 2.6).blished by Elsevier B.V. All rights reserved.
Table 1
Primer sequences
Genes PCR Primer sequence
IG-DMR s1 IG-DMR F1; 5 0-AGTTGTGCTGAGGTGGTTCCC-30
IG-DMR R1; 5 0-CTATGTGTTTGTGGCGTGAG-3 0
IG-DMR s2 IG-DMR F2; 5 0-TGCCTCACGCCACAAACACATA-3 0
IG-DMR R2; 5 0-CCCATGACAAACCACAGCACTT-30
IG-DMR s3 IG-DMR F4; 5 0-CGGAGATGTGCTGTGGACCC-30
IG-DMR R4; 5 0-GAAAGGCAGTGGGGGAAGACA-30
IG-DMR region I 1st IG-DMR IF; 5 0-GTGTAGTAGTAAAGTTAAGTGTG-30
IG-DMR IR1; 5 0-CCACAAAAACATTCAATCTTATACC-30
2nd IG-DMR IF; 5 0-GTGTAGTAGTAAAGTTAAGTGTG-30
IG-DMR IR2; 5 0-CTACAAAACACCAAACCTATACC-30
IG-DMR region II 1st IG-DMR IIF1; 50-GGGAATAGGATGTATTATGGAGTAATG-30
IG-DMR IIR; 5 0-ATATACCACATAACTATACCA-30
2nd IG-DMR IIF2; 50-GGTTAAGTGGTTTGTAGTAT-30
IG-DMR IIR; 5 0-ATATACCACATAACTATACCA-30
IG-DMR region III 1st IG-DMR IIIF; 5 0-GTATTGTAATATAGGTTAGGTG-3 0
IG-DMR IIIR1; 5 0-CTACATAATACCATATAAACATATCTC-3 0
2nd IG-DMR IIIF; 5 0-GTATTGTAATATAGGTTAGGTG-3 0
IG-DMR IIIR2; 5 0-CACAACTACACAAAATACTAC-3 0
IG-DMR region IV 1st IG-DMR IVCF1; 5 0-GTAGTATTGTGTATAGTAAGTTA-3 0
IG-DMR IVCR; 50-ACCAAATACCTCACAACAAAAAT-30
2nd IG-DMR IVCF2; 5 0-TTATGGTTAGTTTGTGTATTAG-30
IG-DMR IVCR; 50-ACCAAATACCTCACAACAAAAAT-30
IG-DMR region V 1st IG-DMR VCF; 50-GAGTTTTATGTTATTGGAGGTTTTGG-3 0
IG-DMR VCR1; 50-CTAATACACAAACTAACCATA-30
2nd IG-DMR VCF; 50-GAGTTTTATGTTATTGGAGGTTTTGG-3 0
IG-DMR VCR2; 50-CTATAATTTATCATAAACAAATCC-30
Zac1 1st Zac1 BSF1; 5 0-GGGTAGGTAAGTAGTGATAA-3 0
Zac1 BSR1; 50-CCTAAAACACCAAAATAACA-30
2nd Zac1 BSF2; 5 0-ATTTGGGTGTTTTAGTTGTA-3 0
Zac1 BSR2; 50-TACAAAACCAAAACCCTTAC-30
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Cumulus-oocyte complexes were collected from the oviducts of
superovulated adult BDF1 mice and then treated with M2 medium
containing 0.5% hyaluonidase (Sigma–Aldrich Corp., Mo, USA) to re-
move cumulus cells. After washing several times in M2 + bovine serum
albumin (BSA) medium, MII oocytes were collected. Sperm was
squeezed from the corpus epididymis of adult BDF1 mice and trans-
ferred into T6 medium. After incubation for 90 min at 37 C, sperm
swimming toward the surface of the medium were collected, followed
by centrifugation to obtain the sperm precipitate.
2.3. Collection of male primordial germ cells and prospermatogonia
To prepare fetal prospermatogonia, we obtained male BDF1 fetuses
by crossing Oct-4/green ﬂuorescent protein (GFP) transgenic C57BL/6
female mice (Osaka Medical Center of Maternal and Child Health)
[19], with DBA/2 male mice. Gonads from E14.5, E16.5, and E19.5
(Oct-4/GFP transgenic C57BL/6 · DBA) BDF1 male mice were incu-
bated for 20 min at 37 C in M2 + BSA containing 1 mg/ml collage-
nase (Sigma–Aldrich Corp.) and then transferred into Dulbecco’s
modiﬁed Eagle’s medium (DMEM) containing 0.05% trypsin and
0.53 mM EDTA (Invitrogen Corp.) and incubated for 10 min at
37 C. The samples were transferred into M2 + BSA and then broken
by pipetting. After washing with M2 + BSA, the cells were transferred
into M2 + BSA containing 5 lg/ml cytochalasin B (Sigma–Aldrich
Corp.). Oct4/GFP-positive cells, which were likely prospermatogonia
were selected by a ﬂuorescence microscopy and collected using a
micromanipulator.
2.4. Collection of spermatogonia and spermatocytes by laser
microdissection
Adult mouse testes were embedded in an OCT compound (Sakura
Finetechnical Co. Ltd., Tokyo, Japan) and frozen in isopentane cooled
in liquid nitrogen. The tissues were sliced (8 lm) using a cryomicro-
tome, and each tissue section was aﬃxed to a slide to which an original
thin ﬁlm (provided by Meiwa Shoji, Tokyo, Japan) was attached using
silicone adhesive (GE Toshiba Silicone, Tokyo, Japan). The sections
were stored at 30 C until use. They were immediately ﬁxed in
100% methanol for 3 min, incubated at room temperature, and stainedwith 0.5% toluidine blue solution. The Laser Microbeam System
(PALM, Bernried, Germany) with a 337-nm nitrogen laser was used
for laser microdissection. We obtained approximately 3000 catapulted
samples of spermatogonia and spermatocytes for each experiment.
These were identiﬁed by the following criteria. The spermatogonia
were located at the base of the seminiferous epithelium and their nuclei
were intensely stained with 0.5% toluidine blue solution; the spermat-
ocytes were visualized as circular, largest cells in the seminiferous
tubules [20].
2.5. DNA isolation from germline cells
DNA was isolated by the proteinase K/SDS method as described by
Zuccotti and Monk [21] with a slight modiﬁcation; approximately 500
prospermatogonia from E14.5, E16.5, and E19.5 male mice and 300–
500 MII oocytes were resuspended in 18 ll of the lysis solution con-
taining 2 lg Escherichia coli tRNA, 1 mM SDS, and 280 lg/ml pro-
teinase K and incubated for 30–90 min at 37 C and 15 min at 98 C,
respectively. The sperm were resuspended in 180 ll of the lysis solution
containing 2 lg E. coli tRNA, 1 mM SDS, 143 mM b-mercap-
toethanol, and 280 lg/ml proteinase K followed by incubation at
37 C for 30–90 min and at 98 C for 15 min. The 3000 catapulted sam-
ples of spermatogonia and spermatocytes were resuspended in 50 ll of
the lysis solution containing 40 ng E. coli tRNA, 1 mM SDS, 1 mM
EDTA (pH 8.0), 20 mM Tris–HCl (pH 8.0), and 280 lg/ml proteinase
K and incubated overnight at 37 C and 15 min at 98 C, respectively.
Whenever required, the DNA isolated from the spermatogonia and
spermatocytes was concentrated by ethanol precipitation.
2.6. Bisulﬁte sequencing
Bisulﬁte modiﬁcation of the isolated DNA was performed using the
CpGenome Modiﬁcation Kit (Chemicon International Inc., CA,
USA). The bisulﬁte-modiﬁed DNA was ampliﬁed by nested PCR using
the Advantage cDNA PCR Kit (TaKaRa) for IG-DMR regions I–V
and paternally expressed Zac1, which is located in a region proximal
to chromosome 10 and is methylated during oogenesis [22]. The primers
for the ampliﬁcation of all target genes are listed in Table 1. The PCR
annealing temperatures for IG-DMR regions I–V and for Zac1 were
57 C and 54 C, respectively. To purify the PCR products, the DNA
H. Hiura et al. / FEBS Letters 581 (2007) 1255–1260 1257fragments were separated by 2% agarose gel electrophoresis, and the
bands were then excised and puriﬁed using the Wizard SV gel and
PCR Clean-Up System (Promega, Madison, Ml, USA). Puriﬁed
DNA was cloned into the pGEM T-Easy Vector (Promega), and plas-
midDNAwas isolated using the Flexi PrepKit (GEHealthcare Bio-Sci-
ence Corp., Piscataway, NY, USA) and sequenced by the ABI PRISM
3130 Genetic Analyzer (Applied Biosystems Japan Inc., Tokyo, Japan).
Bisulﬁte eﬃciency as the fraction of modiﬁed cytosines in non-CpG se-
quences exceeded 98%. Each experiment was repeated 3–5 times.3. Results
3.1. Polymorphisms in the IG-DMR
For allele-speciﬁc DNA methylation analysis, we determined
the sequences of three sections of the IG-DMR that spanned
an entire region of approximately 2.6 kb: (s1, s2, and s3: nts
79415–80416, 80394–81266, and 81181–82043, respectively).
The Genbank Accession No. of this region is AJ320506 in
the C57BL/6N, DBA/2, and JF1 mice genomes (Fig. 1). The
sequence obtained on C57BL/6N genome analysis was identi-
cal to the AJ320506 sequence (2629 bp, nt 79415–82043).
DBA/2 genome sequencing revealed ﬁve polymorphisms thatIG-DM
2.6-kb
A
B
s1 s2
1 2 3 4 5 6 78 9 1
Gtl2Dlk1
Rtl1
antiRtl1
DNA methylation analysis reg
C
No. 1 2 3 4 5
Nt no. 79713 79898 80187-80188 80227 80245-802
C57BL/6N A C -- A TATG
DBA/2 A C AT A TATG
JF1 G T AT G ----
No. 11 12 13 14 15
Nt no. 80964 81242 81275 81422 81610
C57BL/6N C T A G G
DBA/2 C T A G G
JF1 G C G A A
Fig. 1. Genomic structure of the mouse Dlk1–Gtl2 imprinting domain. (A) S
paternally expressed imprinted genes are shown in red and blue, respectively.
DMR domain were sequenced. Regions s1, s2, and s3 are nts 79415–80416, 8
lines represent polymorphisms between C57BL/6N and JF1 mice and between
in the IG-DMR domains between C57BL/6N, DBA/2, and JF1 mice.included an insertion of an AT dinucleotide, deletion of the
pentanucleotide GGGTT, a deletion of a single nucleotide,
and two single nucleotide polymorphisms (SNPs) (Genbank
accession no. AB291769). JF1 genome sequencing revealed
18 polymorphisms that included an insertion of an AT dinucle-
otide, deletion of the tetranucleotide TAGT, and two deletions
of a single nucleotide, and 14 SNPs (Genbank Accession No.
AB291770).3.2. DNA methylation status of the IG-DMR in sperm and MII
oocytes
To determine the parental allele-speciﬁc methylation status,
we ﬁrst determined the methylation status of the IG-DMR in
sperm and ovulated oocytes by bisulﬁte sequencing (Fig. 2).
The IG-DMR in sperm was completely methylated (100%,
652/652 CpG sites), while that in the MII oocytes was unme-
thylated (0.2%, 1/652 CpG sites). The results conﬁrmed pater-
nal allele-speciﬁc methylation of the IG-DMR, i.e., the IG-
DMR is completely methylated in the sperm genome (100%;
652/652 CpG sites) and unmethylated in the oocyte genome
(0.2%; 1/652 CpG sites).R
s3
0 11 1213 14 15 181716 19
Dio3MirgRian
10 kb
ion; 76 CpG sites in 2.0kb
6 7 8 9 10
48 80493 80561 80565 80697 80843-80847
G A C C GGGTT
G A C - -----
A G - C GGGTT
16 17 18 19
81740-81748 81878 81888 81892
TCCCCCCCC G A C
CCCCCCTCC G A C
-CCCCCCCT A G T
chematic of the mouse Dlk1–Gtl2 imprinting domain. Maternally and
Black lollipop indicates IG-DMR. (B) Three regions of the 2.6-kb IG-
0394–81266, and 81181–82043, respectively. Violet and orange vertical
C57BL/6N and DBA/2 mice, respectively. (C) Polymorphisms detected
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spermatogenesis
The erasure of the methylation marks of parental origin in
the IG-DMR remains to be clariﬁed. Therefore, we analyzed
the methylation status of IG-DMR regions II and V (Fig. 3)
in prospermatogonia obtained from E14.5, E16.5, and E19.5
gonads of BDF1 fetuses produced by crossing Oct-4/GFP
transgenic C57BL/6 female mice with DBA/2 male mice. To
avoid somatic-cell contamination, the prospermatogonia thatE14.5
prospermatogonia
Adult
spermatocytes
E16.5
prospermatogonia
Adult
spermatogonia
E19.5
prospermatogonia
region II
IG-DMR
Fig. 3. Methylation analysis of the paternally methylated IG-DMR regions II
cells. DNA polymorphisms were detected between C57BL/6N and DBA/2 ge
maternal C57BL/6N and paternal DBA/2 allele sequences for Zac1 are ide
respectively [26].
A
B
76 CpG sites
I : 9 CpGs
II : 13 CpGs
III : 20 C
MII
oocytes
sperm
region I II III
Fig. 2. Methylation status of the IG-DMR in mouse germ cells. (A) CpG s
vertical lines represent the CpG dinucleotides. (B) Methylation status of th
Closed and open circles indicate methylated and unmethylated CpG sites. M
indicated as circles against red and blue backgrounds, respectively.expressed GFP were detected and collected using a ﬂuorescent
microscope. In these cells, methylation marks on the IG-DMR
regions II and V had been completely erased by E14.5 (3.9%, 4/
104 CpG sites and 0%, 0/256 CpG sites, respectively). The IG-
DMR regions II and V in the prospermatogonia were methyl-
ated at a rate of 47.1% (49/104 CpG sites) and 28.9% (74/256
CpG sites), respectively; 2 days later, both regions were com-
pletely methylated before birth. We used laser microdissection
to capture germline cells in the adult testis. The hypermethyl-Zac1region V
and V, and maternally methylated Zac1-DMR in mouse male germline
nomes in the methylated IG-DMR regions II and V, and in Zac1. The
ntical and are indicated as circles against red and blue backgrounds,
in 2.0-kb
pGs
IV : 8 CpGs
V : 32 CpGs
IV V
ites in the ﬁve regions of an IG-DMR of approximately 2.0 kb. Green
e approximately 2.0-kb IG-DMR in mouse sperms and MII oocytes.
aternal C57BL/6N allele sequences and paternal DBA/2 sequences are
H. Hiura et al. / FEBS Letters 581 (2007) 1255–1260 1259ation status of IG-DMR regions II and V was maintained in
the spermatogonia (99%, 103/104 CpG sites and 92.2%, 236/
256 CpG sites, respectively) and spermatocytes (99%, 103/104
CpG sites and 97.3%, 249/256 CpG sites, respectively). We also
performed methylation analysis of Zac1-DMR, which is meth-
ylated during oogenesis, to verify the accuracy of the methyl-
ation analysis. Zac1-DMR was observed to be completely
unmethylated in fetal prospermatogonia during development,
and the unmethylated status was maintained throughout sper-
matogenesis in the adult testis.4. Discussion
The present study demonstrated reliable results on the reset-
ting of IG-DMR methylation marks in mouse male germline.
Since germline cells collected by BSA gradient sedimentation
and immunoaﬃnity puriﬁcation are frequently contaminated
with somatic cells, accurately interpreting the results of the
methylation analysis of germline cells is frequently diﬃcult
[17,23,24]. Here, we isolated male germline cells by using
Oct4/GFP mice and a laser microdissection system to avoid
somatic-cell contamination. However, because of the very lim-
ited number of cells available, we restricted our analysis to
regions II and V of the IG-DMR.
The IG-DMR methylation marks are erased by E14 in the
male germline, and the hypermethylation status is then rees-
tablished before birth. To date, asynchronous demethylation
and methylation have been reported in some DMRs of pater-
nal and maternal alleles. For example, it has been reported
that H19-DMR is preferentially methylated in the paternal
than in the maternal allele in the male fetal germline [24–26].
In oogenesis, Snrpn-DMR was preferentially methylated in
the maternal allele prior to the paternal allele [24–26]. With re-
gard to IG-DMRs, the present result showed no clear allele-
preferential methylation in the male fetal germline.
Double-stranded DNA methylation of CpG sites is imposed
by de novo methyltransferases in the male and female germ-
lines. Knockout mouse studies have demonstrated that the
de novo DNA methyltransferase Dnmt3a and Dnmt3-like pro-
tein Dnmt3L are essential for the establishment of DNA meth-
ylation of imprinted genes in both male and female germlines
[27–29].
The data on Dnmt3a and Dnmt3L agreed well with the
results of IG-DMR methylation re-establishment obtained in
the present study. High levels of Dnmt3a and Dnmt3L were
detected in the E16.5 male germline cells by RT-PCR, immu-
nostaining, and western blotting [30–32]. Dnmt3a expression
was detected at 4 days after birth. The temporal aspect of de
novo methyltransferase expression coincided well with the tim-
ing of IG-DMR methylation in the male fetal germline. The
present study conﬁrmed that the methylation marks on the
IG-DMR are erased in the male germline by E14 and re-estab-
lished in the fetal prospermatogonia before birth.
In a mature testis, the hypermethylated status of the IG-
DMR was found to be maintained in the spermatogonia. This
suggests that de novo methyltransferases are not required for
the establishment of paternal methylation imprinting in the
mature germline. Thus, Dnmt1 maintains the methylation sta-
tus of spermatogonia during spermatogenesis in the mature
testis.Acknowledgements: This work was supported by a grant from the Bio-
oriented Technology Research Advancement Institution (BRAIN), Ja-
pan, and the Ministry of Education, Science, Culture and Sports of Ja-
pan (#18208024).
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